Figure ground segregation modulates perceived direction of ambiguous moving gratings and plaids  by Tommasi, Luca & Vallortigara, Giorgio
Vision Research 39 (1999) 777–787
Figure ground segregation modulates perceived direction of
ambiguous moving gratings and plaids
Luca Tommasi a, Giorgio Vallortigara b,*
a Dipartimento di Psicologia Generale, Uni6ersita di Pado6a, Via Venezia 8, 35131 Pado6a, Italy
b Dipartimento di Scienze Filosofiche e Storico-Sociali, Laboratorio di Psicologia Sperimentale, Uni6ersita di Udine, Via Antonini 8,
33100 Udine, Italy
Received 1 August 1996; received in revised form 25 February 1997; accepted 20 February 1998
Abstract
A translating oriented grating viewed through a circular aperture with an occluding area in the middle appeared to move
alternately in an oblique or in a vertical direction depending on the foreground:background assignment on the central occluding
area. The effect occurred even when the central area was simply removed from the display, thus giving rise to a ‘subjective’
occluder. Parametric studies revealed that the probability of seeing oblique or vertical motion was affected by the size of the
central area but not by its contrast relationships with the grating. Similar phenomena of ambiguous motion direction were
observed using changes in colour along a translating grating that produced neon colour spreading effects, or using oriented edge
discontinuities that collapsed into subjective plaids composed of two one-dimensional gratings. These results are discussed with
respect to the hypothesis that surface segmentation mechanisms play a crucial part in the interpretation of motion signals. © 1998
Elsevier Science Ltd. All rights reserved.
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1. Introduction
Ever since the classical work of Musatti (1928), and
Wallach (1935), one-dimensional gratings and plaid
patterns (constructed by superimposing two one-dimen-
sional gratings) have been widely used to investigate
motion perception mechanisms (Hildreth and Koch,
1987; Stoner and Albright, 1993; Albright and Stoner,
1993). When moving one-dimensional gratings are
drifting behind a small circular aperture, they appear to
move in a direction orthogonal to their orientation,
whatever their physical motion direction. This so-called
‘aperture problem’ arises as a necessary consequence of
any motion detection operation performed on a limited
area of the image, such as the arrays of small apertures,
the neural receptive fields, through which the human
visual system is supposed to analyze visual scenes.
The ambiguity of motion direction of one-dimen-
sional gratings can be resolved by the addition of a
second superimposed grating with a different orienta-
tion. This creates a plaid pattern which can give rise to
the perception of rigid, translatory motion. (Actually,
such patterns are often bistable, with one interpretation
being transparent sliding of the two gratings, von
Gru¨nau and Dube´ (1993)). Adelson and Movshon
(1982), proposed that the visual system determines the
direction of motion of plaids using a two-step proce-
dure: first, the velocities of oriented components within
the pattern are estimated, and then at a later stage they
are recombined to calculate the motion of the pattern
as a whole.
In order for the two component gratings to cohere
(to move together as a plaid), the gratings must be
similar in spatial frequency, contrast, velocity, direction
of motion, and colour (Adelson and Movshon, 1982;
Movshon et al., 1985; Krauskopf and Farell, 1990;
Smith, 1992). The general idea is that all these manipu-
lations degrade coherence because they prevent an inte-
gration of the component motion signals.
However, a rather different account has been pro-
posed. Some studies have raised the possibility that
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Fig. 1. The pattern used in Experiment 1 (left). The diagonal bars were made to drift horizontally, and the central area was kept stationary. When
the central area was perceived as a foreground occluder, the bars appeared to move obliquely; when the central area was perceived as a
background, the bars appeared to move vertically. The same effect could be experienced even when the central area was simply removed so as
to produce the impression of a ‘subjective’ occluder (right).
coherence judgements are modulated by signals arising
outside the motion processing system itself (Shimojo et
al., 1989; Stoner et al., 1990; Vallortigara and Bressan,
1991; Bressan et al., 1993; Trueswell and Hayhoe,
1993). In this account, differences in contrast or spatial
frequency degrade motion coherence because they
would act as monocular depth cues, segregating compo-
nent gratings at different depth planes and thus pre-
venting the activation of a 2-D motion sensitive
integration mechanism. More specifically, it has been
proposed that the visual system may overcome the
aperture problem by weighting the unambiguous mo-
tion signals produced by contour discontinuities more
than the ambiguous signals produced by straight con-
tours (Shiffrar et al., 1995). However, the visual system
must distinguish between contour discontinuities pro-
duced at the boundaries of real objects (intrinsic termi-
nators) and boundaries created by occluding surfaces
(extrinsic terminators; Kanizsa (1979)). If the latter are
discarded and not used in the computation of the
direction of motion, then perception of motion direc-
tion within apertures (Shimojo et al., 1989) as well as
coherence or non-coherence in plaids patterns (Vallorti-
gara and Bressan, 1991) would depend on availability
of residual motions signals provided by intrinsic
terminators.
The most striking evidence favouring this last view is
probably the demonstration that luminance configura-
tions consistent with the superimposition of transparent
or opaque surfaces can modulate coherence. Stoner et
al. (1990), varying the luminance of a single (repeating)
subregion of the plaid formed retinal image conditions
that were either consistent or inconsistent with one
component grating overlapping another. They found
that human subjects were more likely to perceive non-
coherent motion of the individual component gratings
when the plaid was configured for transparency or
occlusion (Stoner and Albright, 1992, 1993; Albright
and Stoner, 1995).
Yet, these results have been challenged on the basis
of the fact that luminance conditions adjustments nec-
essarily alter the spectrum of Fourier components
(Noest and van den Berg, 1993; Wilson and Kim,
1994). Thus, lack of coherence accompanying transpar-
ency could be due not to transparency per se—i.e. to
the fact that signals arising at the inner terminators are
discarded because ‘occlusion-produced’—but simply to
the physical motion of the blobs associated with the
Fourier components accompanying luminance varia-
tions necessary to produce the pattern.
Here we investigate a novel class of visual stimuli,
which we shall refer to as ‘ambiguous gratings’, that, in
a sense, could be considered as an extremely simplified
version of the traditional plaids. As can be seen in Fig.
1, they are composed of one-dimensional gratings with
an occluding surface in the middle. These patterns have
the intriguing characteristic that, under prolonged view-
ing, motion direction switches between two alternatives:
‘oblique’ motion (i.e. motion orthogonal to the orienta-
tion of the moving bars) or ‘vertical’ motion (mainly
determined by line terminators where bars intersect the
central occluding area, see below). The switching be-
tween the two alternatives is accompanied by a change
in figure-ground relationship: when oblique motion oc-
curs, the bars appear as continuing behind an occluder;
when vertical motion occurs, the bars appear as ending
at the boundaries of the central area, which becomes a
background, over which two separate planes of alter-
nating black-and-white bars, one on the right and one
on the left, seem to move downwards.
We have presented these patterns to several col-
leagues, all experiencing the two perceptual alternatives,
both using a change in luminance for the central region
or using a ‘subjective contour’ version of it (Fig. 1).
Invariably, changes in motion direction go on with
changes in foreground:background assignment.
The aim of this paper is to discuss the theoretical
implications of the motion ambiguity seen in these sorts
of stimuli and to provide parametric analyses of the
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variables influencing the phenomenon. Briefly stated,
the theoretical point is that current accounts based on
Fourier components of the stimulus cannot explain the
change over time in perceived motion direction which is
associated with the change over time in figure-ground
organization. Accounts based on Fourier analyses can-
not explain at least one of the two alternative percepts,
and thus suffer for a lack of generality as reliable
models. The intrinsic:extrinsic line terminator model
would account for the two alternative percepts as re-
sulting from a change in the status of inner terminators
(at the junctions between the bars and the middle area)
arising from changes in figure-ground organization.
When the middle area is perceived as an occluder, inner
line terminators are extrinsic (i.e. occlusion-produced)
and so discarded from motion computation. As a re-
sult, oblique motion in a direction perpendicular to the
orientation of the grating would be perceived1. When
the middle area is perceived as a background, inner line
terminators are intrinsic (i.e. the aligned terminators
arise from a surface discontinuity, not an occlusion
boundary) and take part in motion computation sig-
nalling vertical motion. Thus, perception of motion
direction is not determined by purely motion mecha-
nisms, but depends instead on surface segmentation2.
2. Experiment 1: documenting the phenomenon
The aim of the first experiment was to document the
occurrence of the effect with naive subjects. We were
interested in two issues. First, to check whether naive
subjects spontaneously experience the two alternative
direction of movements. Second, whether each of the
two different direction of movements were associated
with a particular figure-ground organization in a stable
and reliable fashion.
2.1. Method
The stimulus was created with an Apple Macintosh
LC III computer and displayed on its 14 inch screen.
The grating was composed of a series of black bars
(0.075 cd:m2 in luminance) on a white background
(75.37 cd:m2 in luminance) and was made to drift
horizontally rightward behind a circular aperture, 4.4°
in diameter, at a speed of 1°:s. Bars were 0.091° wide
and spaced 0.275° apart. The middle areas (22.27 cd:m2
in luminance) was 2° in width. Five naive subjects
partecipated in the experiment. They were asked to
look at the centre of the pattern (viewing distance was
60 cm), where a fixation point placed at the middle of
the central area was located, and to report continuously
what they were seeing. They were required to specify
both the direction of motion of the grating and the
figure:ground organization of the pattern, namely
whether the bars appeared to stop at both sides of the
central part, -i.e. with the central part acting as a
foreground, or whether the bars appeared to continue
and complete behind the central area, i.e. with the
central area acting as an occluding figure). After the
second percept had spontaneously occurred and the
subjects had described in details what they had seen,
they were given another minute of observation during
which they had to report continuously what they were
perceiving and, in particular, whether or not other
possible perceptual organization and:or direction of
motion were experienced.
2.2. Results
All subjects spontaneously reported seeing both di-
rection of motion. Perception of oblique motion with
the bars partly occluded by the central area was the first
percept for all the subjects. The second percept (vertical
motion of the bars stopping at the boundaries of the
central area) occurred after 80.6 s on average (SEM
35.85 s). For most of the subjects the appearance of the
second percept looked very suprising, and they claimed
that, or asked whether, the change in motion direction
has been produced by the experimenter. During the
subsequent 1-min period of further observation subjects
reported spontaneously the occurrence of perceptual
alternation: overall, oblique motion was perceived 28%
of the time and vertical motion the remaining 78% of
the time. In no cases the two percepts described before
or the association between direction of motion and
figure-ground organization that had arise sponta-
neously was changed or substituted with different per-
ceptual organizations. Thus, observations with naive
subjects fully confirm our initial observations with ex-
pert subjects.
1 The same motion direction could be predicted assuming that
outer terminators are intrinsic. Obviously, outer terminators should
be considered as intrinsic in a vertical aperture (barber pole illusion;
see Shimojo et al. (1989), Vallortigara and Bressan (1991)). It could
perhaps be argued that outer terminators are perceived as intrinsic
when there is no (or only to a very reduced extent ) change in length
of the bars during motion (vertical apertures) and extrinsic when
there is such a change (circular apertures).
2 The hen-and-egg issue about what causes what, i.e. whether it is
the change in foreground:background organization that causes a
change in the perceived motion direction or the other way round, can
easily be dismissed. Changes in foreground:background organization
in these patterns can be experienced even in static displays, without
any motion. In contrast, changes in motion direction of the grating
do not occur without the stimulus arrangement following foreground:
background perceptual alternation. We observed that even when the
stimulus configuration is unchanged motion direction alternation
does occur if for incidence, the central area is stereoscopically dis-
placed in depth in front of the grating in such a way to prevent seeing
it as a background: in this smooth pursuit eye movements cannot
play any part in the generation of the phenomenon. (see also Exp. 4)
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3. Experiment 2: the effects of the size of the occluder
If changes in perceived motion depend on fore-
ground:background organization, then the narrower
the central ‘occluding’ bar the higher will be the proba-
bility of perceiving oblique rather than vertical motion.
This is because (i) smaller areas are more likely to be
perceived as figure rather than ground (Koffka, 1935)
and (ii) amodal completion of the bars behind the
middle area would be easier if the two sets of bars
would be closer (Koffka, 1935; Kanizsa, 1979). The
following experiment was devised to test this hypothesis
(von Gru¨nau and Dube´, 1993).
3.1. Method
The stimuli were created with an Apple Macintosh
LC III computer and displayed on its 14 in. screen. The
grating was composed of a series of black bars (0.075
cd:m2 in luminance) on a white background (75.37
cd:m2 in luminance) and was made to drift horizontally
rightward behind a circular aperture, 4.4° in diameter,
at a speed of 1 °:s. Bars were 0.091° wide and spaced
0.275° apart. The middle areas (22.27 cd:m2 in lumi-
nance) could be 0.4, 0.8, 1.2, 2 or 3° in width.
When the width of the occluder is increased, the
width of each of the half-circle of moving bars is
reduced. To check for this stimulus variable, we devised
a control condition in which the size of the occluder
was changed while the size and shape of each half-circle
of moving bars was maintained unchanged by simply
separating the two half circles of bars. (The same size
values of the previous condition were used for the
middle occluding areas.)
Ten naive subjects partecipated in the experiment,
five of which were assigned to the changed half-circles
condition and the remaining five to the unchanged
half-circles condition. Subjects inspected the five pat-
terns in random order. They were asked to look at the
centre of the pattern (viewing distance was 60 cm),
where a fixation point placed at the middle of the
central area was located, and to report, during an
inspection time of 1 min, whether they were seeing
oblique or vertical motion. Stopwatches activated by
push-buttons measured the durations of the two per-
cepts. Before the formal experiment, all subjects were
given some preliminary trials to become accustomed to
the phenomena.
3.2. Results
Fig. 2 shows the mean percentages of oblique motion
perception. Data were analyzed with a mixed factor
design, using stimulus conditions (changed and un-
changed half circles) as a between-subjects factor and
occluder size as within-subjects factor. The analysis of
variance revealed a significant main effect of occluder
size (F(4, 32)7.734 P0.0002). Stimulus conditions
and size x stimulus conditions interaction were not
significant (F(1,8)0.177; F(4,32)0.295, respec-
tively). Results thus showed that perception of oblique
motion decreased with increasing occluder size.
4. Experiment 3: occluder size, fixation and distance of
inner terminators
In the previous experiment the width of the central
occluding bar and the distance from the fixation point
were confounded. We thus decided to check for possi-
ble effects of this by devising a replication of the
experiment using both a central and a lateral fixation
point.
4.1. Methods
The stimuli were created with an Apple Macintosh
LC m computer and displayed on its 14 in. screen. The
grating was composed of a series of black bars (0.13
cd:m2 in luminance) on a white background (87.36
cd:m2 in luminance) and was made to drift horizontally
behind a circular aperture, 4.4° in diameter, at a speed
of 1 °:s. Bars were 0.091° wide and spaced 0.275° apart.
The middle areas (24.72 cd:m2 in luminance) could be
0.4, 0.8, 1.2, 2 or 3° in width. General methods were the
same as in the previous experiment. A central fixation
point was located in the centre of the occluder as in the
previous experiment and a lateral fixation point was
located 3° laterally to the right or to the left. Ten naive
subjects (not used in the previous experiment) took part
Fig. 2. Mean percentage (9SEM) of time during which oblique
motion was seen as a function of the size of the central area.
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Fig. 3. Mean percentage (9SEM) of time during which oblique
motion was seen as a function of the size of the central area with
central and lateral fixation. (Data for the two direction of movements
were lumped together since there were no significant effects associated
to them.)
5. Experiment 4: the effects of the size of the occluder
with short exposure duration
Long steady inspection times of visual stimuli similar
to those used here have been used routinely in research
on perception of motion direction in plaids patterns.
This raises the issue of whether smooth pursuit eye
movements could somehow affect the results. It seems
unlikely that this would be the case in our experiments,
however. Perceptual alternation in motion direction is
completely abolished, irrespective of inspection time
duration, when one of the two perceptual alternative
(the vertical direction of movement) is made impossible
to occur by displacing in depth the central occluding
area using stereopsis (see footnote 2). Nevertheless, as a
further control we decided to repeat our basic experi-
ment using a very short inspection time, so as to
prevent the occurrence of smooth pursuit eye
movements.
5.1. Methods
The same five stimuli employed in Experiment 2 were
used. They were presented on the 19 in. screen of an
Apple PowerMacintosh 7500:100 computer. Stimulus
presentation, which lasted 300 ms, was preceded by the
appearance of a fixation point (duration 1 s), that then
stayed in the centre of the occluding bar throughout its
presentation of the screen. Each stimulus was presented
three times in random order. Six naive subjects took
part in the experiment: they were required to report for
each stimulus presentation whether a vertical or an
oblique direction of motion was perceived. Before the
formal session, subjects were given some preliminary
trials in order they became accustomed to the visual
task.
5.2. Results
Data were computed as percentages of oblique mo-
tion perception and are shown in Fig. 4. An analysis of
variance revealed a significant effect of the size of the
occluder (F(5)10.937 P0.0001). The results thus
mirrored the findings obtained with longer inspection
times: perception of oblique motion decreased with
increasing size of the central area.
6. Experiment 5: the effects of the occluder luminance
Effects of contrast on the perception of moving
plaids have been documented (Stone et al., 1990).
Moreover, it has been shown that, in certain types of
plaids, differences in luminance provide asymmetrical
information about depth relationships (Bressan et al.,
1993; Trueswell and Hayhoe, 1993). In this experiment
in the experiment. For half of the subjects the grating
was made to drift (1 °:s) horizontally rightward for the
other half leftward. Each subject inspected the patterns
with both central and lateral fixation in random order.
4.2. Results
The results are shown in Fig. 3. The analysis of
variance revealed a significant main effect of the size of
the occluder (F(4,32)28.32 PB0.001). The main ef-
fect of the location of the fixation point did not reach
significance (F(1,8)5.08 P0.053), but there was a
significant sizefixation point interaction (F(4,32)
5.24 P0.002). There were no other significant effects.
There was a significant effect of the size of the
occluder with both central (F(4,32)13.265 PB
0.0001) and lateral (F(4,32)23.025 PB0.0001) fixa-
tion. Probability of seeing oblique motion was higher
with lateral than with central fixation with smaller sizes
(F(1,8)8.606 P0.0189) but not with the largest size
(F(1,8)2.095 ns). This was likely due to the fact that
with lateral fixation outer terminators were closer than
inner terminators and with increasing size the relative
distance between outer and inner terminators
decreased.
The most important result was however revealed by
the main effect of size: perception of oblique motion
decreased with increasing size of the central area, irre-
spective of inner terminators becoming closer (lateral)
or further (central) from the fixation point.
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Fig. 4. Mean percentage (9SEM) of the number of trials during
which oblique motion was seen as a function of the size of the central
area using inspection times of 300 ms.
a speed of 1 °:s. Bars were 0.091° wide and spaced
0.275° apart. The middle areas could be white (87.36
cd:m2 in luminance), black (0.7 cd:m2 in luminance),
light grey (9.69 cd:m2 in luminance), medium grey
(24.72 cd:m2 in luminance) or dark grey (56.25 cd:m2 in
luminance). All these values of luminance of the central
area were tested with both a black (0.7 cd:m2 in lumi-
nance) and a white (87.36 cd:m2 in luminance) frame
with a circular aperture (see Fig. 5 for a sample of the
stimuli used). General methods were the same as in the
previous experiments. A fixation point was located in
the centre of the occluder. Eight naive subjects (not
used in the previous experiments) took part in the
experiment.
6.2. Results
The results are reported in Fig. 6. The analysis of
variance did not reveal any statistically significant ef-
fect, neither for the luminance of the occluder
(F(4,28)0.287 P0.883), nor for the luminance of
the aperture’s frame (F(1,7)1.904 P0.208). The
interaction between these two factors was also not
significant (F(4,28)0.998 P0.425). Apparently, the
luminance of the central area did not affect perception
of motion direction as did its size.
7. Experiment 6: foreground:background assignment in
ambiguous gratings with occlusion, transparency, and
neon spreading
In his monograph on perception of motion direction,
Wallach (1935), reported a fascinating effect that was
we checked for any effect of the luminance of the
central area on the probability of perceiving either one
of the two alternative motion directions.
6.1. Methods
The stimuli were created with an Apple Macintosh
LC III computer and displayed on its 14 in. screen. The
grating was composed of a series of black bars (0.7
cd:m2 in luminance) on a white background (87.36
cd:m2 in luminance) and was made to drift horizontally
rightward behind a circular aperture, 4° in diameter, at
Fig. 5. A sample of the stimuli used in Experiment 4.
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Fig. 6. Mean percentage (9SEM) of time during which oblique
motion was seen as a function of the luminance of the occluder with
a black and a white frame.
used: 0.28, 1.8, and 4 bars:degree. Three kinds of
stimulus configuration were devised (Fig. 7b): in the
‘occlusion’ condition bars were black (0.12 cd:m2 in
luminance) behind a central occluding grey surface
(23.54 cd:m2 in luminance; 1.2° wide); in the ‘neon
spreading’ condition bars were black at sides (0.12
cd:m2 in luminance) and violet centrally (Macintosh
System Palette 18; 54.63 cd:m2 in luminance; CIE co-
ordinates x0.2839, y0.1743; width of violet por-
tion 1.2°); in the ‘transparency’ condition bars were
black at sides (0.12 cd:m2 in luminance) and they
intersected a central transparent surface 1.2° wide (in-
tersecting areas 61.91 cd:m2 in luminance; non-inter-
secting areas 96.93 cd:m2 in luminance). General
methods were the same as in the previous experiments.
A fixation point was located in the centre of the aper-
ture. Four naive subjects (not used in the previous
experiments) and the two authors took part in the
experiment.
7.2. Results
The results are reported in Fig. 8. The analysis of
variance revealed a main effect of the kind of stimulus
configuration (F(2,10)12.431 P0.002) while the
main effect of the bar spacing did not reach significance
(F(2,10)3.055 P0.092). The interaction between
these two factors was however highly significant
(F(4,20)27.387 PB0.0001). Tests of simple effects
showed that bar spacing was significant in the ‘neon
spreading’ (F(2,10)27.211 P0.0001), but not in the
‘occlusion’ (F(2,10)0.739 P0.5021) and ‘transpar-
ency’ (F(2,10)1.059 P0.3828) conditions. Thus,
oblique motion perception increased as bars density
increased, i.e. as the perception of a neon spreading veil
increased.
8. Experiment 5: Further evidence for dependence of
perceived direction of motion upon
foreground:background assignment: the case of oriented
edge discontinuities
It is usually assumed that a translating homogenous
edge viewed through an aperture is an ambiguous
stimulus, while a translating edge discontinuity is un-
ambiguous (Ben-Av and Shiffrar, 1995). Yet, things are
not so straight forward when several oriented edge
discontinuities are made to translate together, for per-
ceptual grouping processes may influence figure-ground
organization and thus motion direction. Fig. 9 depicts a
striking example. When these gratings are made to
translate horizontally, edge discontinuities should
provide unambiguous motion signals allowing the ob-
server to perceive their objective motion. Yet, under
prolonged viewing the patterns suddenly collapse into
subsequently neglected. When a grating composed of
bars of different colours (e.g. black and violet; see Fig.
7a) is made to move vertically within a square aperture,
sometimes subjects reported seeing uniformly coloured
black bars moving behind a transparent violet veil. The
phenomenon seems to be related to the so-called ‘neon-
spreading’ effect (Varin, 1971; Van Tuijl, 1975): a diffu-
sion of the violet colour can in fact be experienced even
in the static display. Most interestingly, the formation
of the neon veil produces a change in motion direction.
One can see either two sets of bars of different colours
moving vertically downwards or a single set of black
bars moving obliquely (i.e. in a direction orthogonal to
the orientation of the bars) behind the violet neon veil.
If the change in motion direction critically depends on
the formation of a transparent neon veil, then it should
be decreased by those stimulus manipulations, such as
an increase in spacing between the bars, that reduces
neon spreading formation. In order to provide a com-
parison with the effects of similar manipulations pro-
duced in absence of neon spreading, we arranged to
study the same configurations using even an opaque
and a transparent occluder.
7.1. Methods
The stimuli were created with an Apple PowerMacin-
tosh 7500:100 computer and displayed on its 19 in.
screen. Gratings were composed of a series of bars on a
white background (126.76 cd:m2 in luminance) and
were made to drift vertically downward behind a circu-
lar aperture (5.5° in diameter) at a speed of 0.6°. Bars
were 0.1 wide and three values of bars density were
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Fig. 7. The pattern studied by Wallach (1935), is shown in (a). The bars were made to move vertically downwards. Subjects reported seeing either
vertical movement of two sets of coloured bars (as in two juxstaposed barber poles) or a single set of black bars moving obliquely behind a violet
transparent veil. Stimuli used in the Experiment 4 are shown in (b).
an unexpected and completely different perceptual out-
come: a set composed of large-spaced-bars appears to
move vertically downwards and a set of small-spaced-
bars appears to move vertically upwards in vertical
apertures. Using circular apertures, a similar phe-
nomenon occurs, but this time the two sets of bars
appear to move obliquely. These percepts sponta-
neously alternate over time with the percept of horizon-
tal motion of the edge discontinuities. It seems that the
oriented edges produce subjective contours, with an
associated formation of extrinsic (occlusion-produced)
boundaries. As a result, edge discontinuities within the
aperture become discounted from motion analysis, and
the direction of motion of the two sets of bars remain
entirely determined by intrinsic outer terminators
(which specify vertical motion in a rectangular aper-
ture) or by orthogonal components of motion (which
specify oblique motion in a circular aperture). Thus,
once again, the perceptual organization of the pattern is
the main determinant of the direction of the perceived
motion. Note, however, that here there is something
more. In fact, although inner line terminators of the
single elements composing the grating which appears as
behind should be discarded because occluded, line ter-
minators of the single elements composing the large
bars grating which appears as in front are intrinsic.
Apparently, grouping processes allows the visual system
to use only terminators of the highest-level unit (the
large subjective bar as such) discarding motion signals
provided by its elements.
To document the phenomenon, we presented to naive
subjects a series of patterns, with different orientations
of the subjective bars, like the ones shown in Fig. 9,
and measured the time spent in seeing coherent transla-
tory motion of edge discontinuities or incoherent mo-
tion of two separate sliding gratings.
8.1. Methods
Stimuli were created with an Apple PowerMacintosh
7500:100 computer and displayed on its 19 in. screen.
We prepared two stimuli: the elementary constituent
Fig. 8. Results of Experiment 4. Mean percentage (9SEM) of time
during which oblique motion was seen as a function of the grating
bars density using an opaque, a transparent and a neon-spreading
occluder.
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Fig. 9. The stimuli used in Experiment 5. The patterns were made to drift horizontally. Subjects reported seeing either translating edge
discontinuities (coherent motion) or the sliding of two separate sets of bars (incoherent motion). In the latter case, a set composed of
large-spaced-bars appeared to move vertically downwards and a set of small-spacedbars appeared to move vertically upwards in vertical apertures,
while using circular apertures the two sets moved, respectively, obliquely downwards and obliquely upwards.
was a pair of symmetrical black segments (0.2° wide)
disposed to form a V (see Fig. 8). The Vs were juxta-
posed one beside another to create a regular triangular
wave. Many of these triangular waves were then re-
peated to create a pattern so that each triangular wave
was diagonally displaced upward with respect to the
neighbouring wave. We used two different angles (90°
and 150°) to create the Vs. For the 90° Vs we used a
displacement of 10° in angle (and 0.8° in distance),
while for the 150° we used a 40° angle of displace-
ment. In this way we obtained two patterns (see Fig. 9)
in which the discontinuities of the triangular wave
could group together to form subjective contours pro-
ducing a segregation of the regions constituted by more
spaced segments (wider oblique stripes) from regions
constituted by less spaced segments (thinner oblique
stripes). In the first pattern (90° V-components) the
wider stripes were 2.0° wide (the black bars were spaced
0.4° apart) and the thinner stripes were 1.3° wide (the
spacing of bars being 0.2°). They had an orientation of
10° (due to alignment of 10° oriented compo-
nents). In the other pattern (150° V-components) the
wider stripes were 2.4° (bars spaced 0.5° apart) and the
thinner stripes were 1.5° wide (bars spaced 0.2° apart).
They had an orientation of 40°.
The black components were 0.12 cd:m2 in luminance
and the white background was 126.76 cd:m2 in lumi-
nance. Eight naive subjects took part in the experiment.
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Each subject inspected the two stimuli both behind a
circular (7° diameter) and a rectangular (2.714.5°)
aperture in random order. All stimuli were made to
move horizontally rightward at a speed of 1.3 °:s.
8.2. Results
Results are shown in Fig. 10. The analysis of vari-
ance revealed a significant main effect of the type of
aperture used (F(1,7)13.427 P0.008). There were
no other statistically significant effects (orientation of
the subjective bars: F(1,7)1.119 ns; interaction:
F(1,7)0.043 ns). Using a vertical aperture, the proba-
bility of seeing separate sliding of two sets of bars was
higher than using a circular aperture. This was proba-
bly due to the different angular disparity of the two sets
of moving bars, which amounted to 90° in the circular
aperture and 180° in the vertical aperture. Probably,
segregation of two separate sets of bars is easier to
obtain with larger angular disparities. The results
showed clearly that, in spite of the fact that there was
no change in the stimulus over time, changes in figural
organization produced changes in the perception of
motion direction.
9. General discussion
Several studies have provided evidence of a role for
image segmentation mechanisms in motion analysis
(Shimojo et al., 1989; Vallortigara and Bressan, 1991;
Stoner and Albright, 1992; Kooi et al., 1992; von
Gru¨nau et al., 1993). Very recently, Albright and
Stoner (1995), studied transparency in plaids patterns
and provided some results similar to those we reported
here. They showed that perceptual motion coherence of
plaid patterns co-varies with segmentation fluctuations
(i.e. perception of transparency or occlusion) in the
absence of any change in the retinal stimulus (Stoner
and Albright, 1994).
Though interpretations could differ in the details, the
general idea behind all these studies is that depth-order-
ing mechanisms influence the perception of motion
direction. We believe that the reason this happens is
that depth-ordering mechanisms allow the visual system
to identify those image features resulting from occlu-
sion. The grouping of various motion signals would
thus depend on surface segmentation cues related to
occlusion. This adds support to the view, advanced by
(Shimojo et al., 1988), that occlusion relations are
extracted very early in the visual system. Some issues
remain to be answered, however.
Firstly, there is the problem of the neural mecha-
nisms leading to ‘discount’ of extrinsic (occlusion-pro-
duced) image components. A simple view is that signals
from extrinsic boundaries are suppressed. Cells origi-
nally labelled ‘hypercomplex’ by Hubel and Wiesel
(1968), and more recently designated as ‘end-stopped’
(Shimojo et al., 1989), might indicate that a line ended
in an image. Such cells alone cannot signal whether a
line continues behind an occluder or actually stops.
Yet, there is a recent study showing that many V2
neurons are selective for figure-ground direction of an
edge (Peterhans and von der Heydt, 1992): these neu-
rons might provide adequate suppression of activity of
end-stopped cells on the basis of foreground:back-
ground assignment.
Shimojo et al. (1989), argued that the distinction
between extrinsic and intrinsic terminators rests upon
the perceived depth between the two contours in a
T-junction. If the vertical contour in the T is seen as
further away than the horizontal one, then the latter
may not actually end in the world, that is, it may
continue behind an occluding surface. Apparently, the
vertical subjective contour which is formed by neon-
spreading (Experiment 4) may serve the same function
(Watanabe and Cavanagh, 1993). Our results indicate
clearly, however, that the mere existence of these junc-
tions does not guarantee unequivocal perceptual inter-
pretations, because in the absence of other, stronger
depth cues such as retinal disparity, there is a continu-
ous switch between an intrinsic and an extrinsic inter-
pretation of the bars inner terminators.
An alternative to simply discarding extrinsic (occlu-
sion-produced) image components, might be that differ-
ent types of boundaries are ‘labeled’ as such, thus
allowing explicit neural representations for occluded
surfaces. Shimojo and Nakayama (1990), provided evi-
dence for this by showing that depth cues promote a
Fig. 10. Mean percentage (9SEM) of time during which incoherent
motion (i.e. two separate sliding gratings) was seen using the patterns
shown in Fig. 8.
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representation of occluded surfaces which can affect
motion perception in a manner indistinguishable from
non-occluded surfaces. Further support also comes
from the apparently ubiquitous ability among verte-
brates to complete amodally occluded surfaces (Regolin
and Vallortigara, 1995; Kovacs et al., 1995).
Another issue is the metastability occuring in our
patterns. It should be noted that, in general, the patterns
could be easily segmented even in the static case. (Actu-
ally, some of the perceptual outcomes were difficult to
obtain without movement, e.g. the neon spreading ef-
fects, surely because movement per se (‘common fate’,
Koffka (1935)) is a very powerful segmenting mecha-
nism.) Our results might thus be interpreted as evidence
of the effects of top-down processing on the resolution
of ambiguity in the motion system (Mulligan, 1993), and
back propagation from higher cortical areas (Van Essen
and Maunsell, 1983) would be an obvious possibility for
implementation at the anatomical level. However, if
occlusion is computed at early stages of cortical visual
processing (Shimojo et al., 1988; Nakayama and Shi-
mojo, 1990), with direction of figure-ground edges al-
ready computed in V2 (Peterhans and von der Heydt,
1992), such a view appears to be unnecessary.
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